Objective: The objective of this study was to explore how a microbicide's HIV impact is affected by behavioral and epidemiologic factors in 2 African settings: Cotonou, Benin, and Hillbrow, South Africa.
THERE WERE 5 MILLION NEW HIV infections in 2004
, with 57% among women. 1 In Africa, 75% of HIV infections among young people are female. 1 These statistics reflect the behavioral and possible biologic vulnerability of women, and the limitations of current prevention. Currently, there are over 20 microbicide products under development, with 5 entering phase 2b/3 effectiveness trials. 2, 3 If vaginal microbicides are shown to be effective against HIV, they would offer women a significant new prevention option.
Different microbicide compounds have different potential mechanisms of reducing the likelihood of HIV transmission with different candidates either killing or immobilizing the virus, creating a barrier between the pathogen and vaginal epithelial cells, or preventing infection from becoming established once it has entered the body. 2, 3 In vitro and animal models also suggest that most current microbicide candidates may be active against several sexually transmitted infection (STI) pathogens, including Chlamydia trachomatis, herpes simplex II, and Neisseria gonorrhoeae, with some also potentially being active against syphilis and/or chancroid. 4, 5 Therefore, a microbicide's HIV impact may result both from its direct activity on HIV and also from its indirect effect on other STIs. 6, 7 However, until specific products have completed phase III clinical trials, and start to be distributed, it is difficult to know what impact an efficacious microbicide will have on HIV transmission in different settings or the potential importance of a microbicide's STI efficacy. The impact of a microbicide is likely to differ between settings and be dependent on contextual factors, including HIV/STI prevalence, patterns of sexual behavior and condom use, the microbicide's HIV and STI efficacy, and the extent to which women can access and use microbicides.
To explore these issues, this article uses mathematical modelling, with site-specific data, to compare the extent to which an efficacious microbicide could reduce HIV transmission in 2 urban African settings: Hillbrow, an inner city area of Johannesburg, South Africa, and Cotonou, Benin. These settings differ in many ways, including having different prevalences of HIV and STIs, and different patterns of sexual behavior and condom use. Comparisons between the 2 settings are used to compare the impact of microbicide use in different partnerships and the importance of STI efficacy in determining impact.
Methods
This analysis builds on previous research that used epidemiological, behavioral, and demographic data to fit a dynamic population-based HIV transmission model to HIV and STI data from 1995-1999 for Cotonou and 2000 -2001 for Hillbrow. 8 The model was used to estimate the impact of 2 female sex worker (FSW)-targeted interventions over these periods. In this analysis, the model simulations from these analyses are used to estimate the HIV impact of widespread microbicide use in each setting.
The methods are described in different parts. First, the study populations are described. After that, a description of the mathematical model and the data used to parameterize it is given. Lastly, the methods used to fit the model and to estimate microbicide impact are detailed.
Study Populations
Hillbrow, South Africa. Hillbrow is part of inner-city Johannesburg and in 1996 had an adult population of approximately 50,000. 9 Few males are circumcised. The Hillbrow population is fairly transient, with individuals living in Hilbrow for 5.5 years on average. 8 The main data source for the risk behavior of the Hillbrow general population were Behavioural Sentinel Surveys conducted among male STI clinic clients and female family planning (FP) clients in Hillbrow in August 2000. 8 In these surveys, 5% of FP clients and 24% of male STI clinic attendees reported currently having a casual partner, and 26% reported having ever paid for sex. 8 Enumeration studies estimated 12% to 20% of women were selling sex, with 31% of their clients being from Hillbrow. 8 The apparent discrepancy between only 5% of FP clients reporting currently having a casual partner and 12% to 20% of women selling sex is largely the result of few FSWs attending the FP services and the likely underreporting of casual sex by women attending FP services. Since 2000, a HIV prevention intervention has been operating in Hillbrow (run by the Reproductive Health and HIV Research Unit [RHRU]), providing STI treatment and distributing condoms to FSWs. 8 FSWs attending the intervention reported on average 32 clients per month in 2000 -2001. Condom use was high with paying clients (83-88% of last sex acts), but much lower with main and casual sexual partners (41% report not using condoms in the last month). 8 Likewise, condom use among the general population is quite low (55% of FP clients reported not using condoms in the last month 8 ).
The prevalence of HIV is high in Hillbrow, with approximately 30% of antenatal clinic clients 10 and 60% of FSWs attending the RHRU intervention being infected in 2001. 11 Other curable STIs are also common: in 1998, 24% of FP clients were infected with chlamydia and/or gonorrhea (GC/CT) (95% confidence interval [CI] ϭ 18.2-30.2%), 12 and in 2000, 38% (95% CI ϭ 32.6 -43.7%) of FSWs attending the RHRU intervention were infected with GC/CT and 12% were diagnosed with genital ulcer disease (GUD) (95% CI ϭ 8.5-16.1%). 12 Cotonou, Benin. Cotonou is the largest city of Benin with an adult population of approximately 310,000 in 1998. In contrast to Hillbrow, nearly all men are circumcised 13 and the population is fairly stable, with people living in Cotonou for an average of 40 years. 14 The main data source for the risk behavior of the Cotonou general population was a multicenter population-based study undertaken in Cotonou in 1998 (4-city study). 15, 16 According to this study, the general population in Cotonou have fewer sexual partners than in Hillbrow. 15 In addition, enumeration studies suggest sex work is less common, with approximately 1% of women currently selling sex, but roughly the same proportion of men currently buying sex (approximately 30%). 16 -18 Like in Hillbrow, there is a strong HIV prevention intervention in Cotonou run by Projet SIDA-2 (started in 1993 and funded by the Canadian International Development Agency) providing STI treatment for FSWs and their clients, outreach services, and condom promotion. 19 FSWs attending the intervention report more clients per month than in Hillbrow, 52 on average in 1998, but condom use is comparable to Hillbrow, with condom use being high with paying clients (81% of last sex acts in 1998) but lower among other sexual partners (80 -86% reported never using condoms with their regular partners in 1998). 19 Reported condom use among the general population is low (approximately 15% reported using condoms often with nonspousal partners). 15 In contrast to Hillbrow, HIV prevalence is lower in Cotonou and decreasing among FSWs: in 1995, 49% of FSWs attending the SIDA-2 intervention were infected, and in 1998, 41% of FSWs attending the intervention and approximately 3.3% of adults from the four-city study were infected. 19, 20 Other STIs are also less common; in 1995, 33% of FSWs (95% CI ϭ 28.2-38.3%) attending the SIDA-2 intervention were infected with GC/CT, whereas in 1998, less than 3.5% of adults from the 4-city study (n ϭ 1872), 25% of FSWs (95% CI ϭ 21.6 -28.8%), and 8% of their clients (95% CI ϭ 5.5-11.0%), both from the SIDA-2 intervention, were infected with GC/CT. 19, 20 The GUD prevalence in Cotonou is also lower, with 4.5% of adult males (95% CI ϭ 3.3-6.1%) 21 and only 2.9% of FSWs (95% CI ϭ 1.3-5.7%) 16 from the 4-city study reporting GUD in 1997/1998, and 2% (95% CI ϭ 0.9 -3.7%) of the clients of FSWs attending the SIDA-2 intervention having GUD in 1998. 19 
Model Description and Parameterization
A deterministic, compartmental model (POP 1.0, described in detail in 8 ) was used to simulate the HIV epidemics in Cotonou and Hillbrow, and to estimate the impact of microbicide use on HIV transmission among FSWs, their clients, and the general population in both settings. The model divides the population into subgroups with stratifications by level of sexual behavior, condom use, and HIV/STI status. Individuals of different sexual activity form sexual partnerships with defined durations, coital frequencies, and levels of condom use. The model uses established mathematical techniques to estimate how HIV and other STI spread between the subgroups over time. 22 Because of the importance of STIs in facilitating HIV transmission, 6 the model incorporates the transmission of different STI. As a result of data limitations, specific STI were not modeled, but symptomatic ulcerative STIs and GC/CT were modeled as 2 separate STIs. In the model, once an individual is infected with GC/CT, they remain infectious for a fixed duration or until treated, whereupon they become susceptible again. Once an individual has a symptomatic ulcerative STI, their ulcers remain for a fixed duration or until treated, except herpes simplex type 2 ulcers are assumed to be untreatable but are assumed to self-cure. 23 The model incorporates the effect of STIs on HIV transmission, and also incorporates the higher infectivity associated with primary HIV infection and the lower susceptibility associated with circumcision. 24 -27 Microbicide use by a woman is assumed to reduce the per-sexact probability of HIV and STI transmission by specified proportions (the microbicide's HIV and STI efficacy). The consistency of microbicide use in a particular type of partnership is taken to be the proportion of unprotected sex acts in which a microbicide is used.
The main data sources for the risk behavior of the Hillbrow and Cotonou population were described in the study population sections and are shown in Table 1 . The main differences between Hillbrow and Cotonou are highlighted in bold. Unfortunately, no data were available for the male general population in Hillbrow, and so the sexual risk behavior of the male STI clinic clients and the FP clients was used as upper and lower bound for the sexual 28 -36 and STI cofactors 6 were obtained from the scientific literature (Table 1) . Uncertainty bounds were estimated around all model input parameters (Table 1) .
Model Fitting
Before using the model to estimate the impact of the hypothetical microbicide intervention, it was fit to available data on HIV, GC/CT, and GUD prevalences among FSWs and the general population from Hillbrow and Cotonou (described in detail in 8 10 females from the Human Sciences Research Council (HSRC) household survey, 37 and from the RHRU intervention for FSWs 8 were used to fit the model. For Cotonou, available HIV prevalence data from 1995-1999 for adult females from the 4-city study, 38 antenatal clinic attendees, 18 and from the SIDA-2 HIV prevention intervention 18, 19 for FSWs and their clients were used to fit the model. The model was also fit to the STI prevalence data described in the study population sections. HIV prevalence data for other years, from both settings, 10,12,39 -41 were compared against the model projections. A full description of the data used for Hillbrow can be found elsewhere. 8 Available HIV prevalence data for both settings can be seen in Figure 1 .
To obtain different model fits, random sampling 42 was used to obtain parameter sets from the model parameter uncertainty ranges in Table 1 . The model simulations that lay within the 95% confidence intervals of the model-fitting data for each setting were selected. The only exception to this requirement was in Hillbrow, as a result of the discrepancy between the HIV prevalence estimates for females attending antenatal clinics 10 and from the HSRC household survey. 37 Using least squares, 2 simulations that best fit the epidemiologic data from each setting were obtained and can be seen in Figure 1 . To make these simulations comparable, they were also constrained to have the same HIV and STI transmission probabilities, HIV high viremia cofactor, and STI cofactors. The figure emphasizes that, although the simulations were only fit to HIV prevalence data from certain years, the best fit simulations also lie within the 95% confidence intervals of most HIV prevalence data from other years.
Although the HIV prevalence among FSWs is fairly comparable in Hillbrow and Cotonou, among their clients and the general VICKERMAN ET AL population, it is at least 4-fold less in Cotonou. In our model, the 2 main population differences that keep the HIV prevalence lower in Cotonou are the protective effect of males being circumcised and the lower proportion of females who are FSWs (Table 1) . Indeed, for the model to fit the Cotonou HIV and STI prevalence data, circumcision had to result in a 48% (20 -58%) decrease in the female-to-male HIV transmission probability per sex act. If these parameters are given the same values as in Hillbrow, the best fit model simulation for Cotonou projects a generalized epidemic similar to Hillbrow.
In Cotonou, the observed downturn in the FSW HIV prevalence (Fig. 1) is thought to be partially the result of the impact of the SIDA-2 HIV prevention intervention, which started in 1993. 19 To fit the model to HIV prevalence data from Cotonou before this time, it incorporated baseline levels of risk behavior. 19 The best fit simulations were used to produce point estimates for the impact of microbicide use and the other model fits were used to produce an absolute uncertainty range around these estimates (shown in brackets after the point estimate).
Microbicide Scenarios
The objective of this analysis is to use modeling to explore how the impact of microbicide use on HIV transmission may depend on epidemiologic setting. To simplify the analysis and make comparisons easier, one baseline microbicide introduction and use scenario is considered for both settings.
In both settings, the model fits were used to estimate the impact on HIV transmission, over 4 years, of a microbicide that is used by 75% of the population. The high level of accessibility reflects the current availability of condoms in these settings. For specified levels of microbicide efficacy and use, the model simulates the dynamics of HIV and 2 STIs in the presence and absence of microbicides. Comparisons between these are used to estimate infections averted among FSWs and the general population. The impact of the microbicide was obtained by estimating the HIV infections averted per 100,000 adults and the relative decrease in HIV incidence. This impact includes both how a microbicide may directly affect HIV transmission and also how it may indirectly affect HIV transmission by reducing STI transmission. To coincide with behavioral and epidemiologic surveys undertaken by the HIV prevention interventions in both settings, the period over which microbicide use was considered was 1995-1999 for Cotonou and 2000 -2004 for Hillbrow.
For the baseline microbicide use scenarios, the microbicide is assumed to reduce the per-sex-act transmission probability of HIV and other STIs by 40% (40% efficacy), approximately half the efficacy of condoms. 43, 44 Among the 75% of individuals who use microbicides, they are assumed to be used in 50% of unprotected sex acts in all partnerships, and microbicide use is assumed to result in a 5% relative reduction in condom use (to mimic the reductions in condom use observed in N-9/spermicide studies 45 ). This simple pattern of microbicide use was used in the model because there is little data on how they may be used in different partnerships. A sensitivity analysis was not undertaken around this parameter because this was not seen as the main focus of the analysis. In addition, the model fits are used to explore how the projected impact of the microbicide varies between the 2 settings for the microbicide HIV and STI efficacy varying from 0% to 60% and to explore how impact is distributed among different types of sexual partnership.
To explore how the stage of an HIV epidemic might affect the impact of a microbicide, the impact of introducing the microbicide at earlier points in the Hillbrow and Cotonou epidemics (when the HIV prevalence among FSWs and the general population was lower) was also simulated using the best fit model simulations.
Results

Baseline Impact Projections
The model projects the baseline microbicide use scenario would have resulted in a 9.3% (9.0 -11.1%) decrease in the HIV incidence in Hillbrow, from 5.67 to 5.14 infections per 100 person-years, with 1566 (1372-1979) HIV infections averted in the district per 100,000 adults over 4 years. In contrast, a 47.6% (40.7-50.0%) decrease in the HIV incidence was predicted for Cotonou, from 0.44 to 0.24 infections per 100 person-years, with 571 (444 -875) HIV infections being averted per 100,000 adults over 4 years. If the Hillbrow population had been less transient, fewer HIV infections would have been averted, and the difference between the 2 impact estimates would have been greater. If they stayed in Hillbrow for as long as in Cotonou, this would have decreased the number averted by 15% to 33%.
Impact of Microbicide Use in Different Types of Partnerships
For the baseline microbicide use scenario, Figure 2 shows the distribution of HIV infections averted according to the different types of partnerships in which microbicides are used. In Cotonou, the greatest decrease in HIV incidence and number of HIV infections averted results from microbicide use in commercial sex, whereas in Hillbrow, the greatest impact is from microbicide use in main and casual partnerships. 
THE IMPORTANCE OF CONTEXT
Impact of Microbicide at Different Stages of the HIV Epidemics
Using the best fit model simulations from each setting, Figure 3 shows how the level and distribution of microbicide impact in different types of partnership changes at different stages of the HIV epidemic in Hillbrow and Cotonou. As is currently predicted for Cotonou, Figure 3 suggests that in the early stages of the HIV epidemic in Hillbrow, a microbicide would have had greatest impact when used in commercial sex partnerships. Similarly, the figure also shows that the reduction in HIV incidence would have been much greater in the early stages of the HIV epidemic in Hillbrow, but the overall HIV infections averted per 100,000 adults would have been much lower. Conversely, for Cotonou, the reduction in HIV incidence remains roughly constant in the early stages of the HIV epidemic, although the HIV infections averted reduces.
However, even when the general HIV prevalence in Hillbrow was 1.5%, the relative reduction in HIV incidence resulting from the microbicide is less than half of what is currently predicted for Cotonou, and less impact is the result of microbicide use by FSWs with their clients. By analyzing the main behavioral differences between the Hillbrow and Cotonou FSW populations, the latter difference was found to be mainly the result of FSWs in Hillbrow reporting less clients per month and greater condom use with these clients than in Cotonou.
Impact of Microbicide Use for Different HIV and Sexually Transmitted Infection Efficacies
The baseline impact projections assumed that microbicides are 40% efficacious against HIV and STI transmission. Figure 4 shows the projected impact of the microbicide for different assumptions about its HIV and STI efficacy, and shows that a 40% HIV efficacious microbicide will have less than 43% of the impact of a 40% HIV and STI efficacious microbicide in these 2 settings. Indeed, only a 4% reduction in incidence will occur in Hillbrow and a 12% reduction in Cotonou. This may seem low but is to be expected considering the current level of microbicide use (75% of the population using a 40% HIV efficacious microbicide in 50% of noncondom-protected acts) only results in, at most, a 15% reduction in the number of unprotected sex acts. However, there are substantial increases in impact associated with increasing the HIV and STI efficacy of the microbicide. The magnitude of these gains is different in each site, with an increase in HIV and STI efficacy from 40% to 60% resulting in a 25% (23-36%) increase in impact in Cotonou and a 72% (67-78%) increase in Hillbrow.
The findings also suggest microbicides could reduce HIV transmission even if it is solely efficacious against the common STIs in each setting. Indeed, in Cotonou, the STI efficacy of the microbicide contributes more to the overall impact of the microbicide than its HIV efficacy. This coincides with the microbicide resulting in a smaller relative reduction in STI incidence in Hillbrow (13.5% for GC/CT) than in Cotonou (24% for GC/CT) and a much smaller relative reduction in STI prevalence in Hillbrow (6% for GC/CT) than in Cotonou (38% for GC/CT) over 4 years.
Discussion
Microbicide Impact on HIV Transmission
This analysis shows that widespread microbicide use could impact on HIV transmission in 2 contrasting African settingsone where HIV is widespread and another where the HIV epidemic is less generalized. However, the microbicide's impact differed substantially between the 2 settings, with a 5-fold greater relative decrease in HIV incidence in Cotonou but 3-fold more HIV infections averted (per 100,000 adults) in Hillbrow.
The findings suggest that a microbicide's impact will vary substantially by epidemiologic setting, with widespread microbicide use having a greater relative impact on HIV incidence in less generalized HIV epidemics such as in Cotonou or the earlier stages of the epidemic that occurred in Hillbrow. This is the result of the HIV incidence in Hillbrow being much greater than in Cotonou, resulting in a smaller relative reduction in incidence (for the same level of use) because individuals are more frequently exposed to infection. 46 These results agree with other modeling studies that have illustrated the overall impact of core group HIV prevention interventions would decrease as an epidemic progresses, 47, 48 and the impact of other HIV prevention interventions would be less in settings with more generalized epidemics. 49 -51 The findings illustrate the potential importance of microbicides but highlight the potential problems in generalizing the results of microbicide trials to other epidemiologic settings.
Microbicide Impact in Different Sexual Partnerships
The relative impact of microbicide use in different types of partnership was found to differ between the 2 settings, with most impact being the result of microbicide use in commercial sex in Cotonou, and microbicide use in main and casual partnerships in Hillbrow. Although our results suggest that this is partly the result of FSWs reporting less clients and higher levels of condom use with their clients in Hillbrow than in Cotonou, they also suggest that when an HIV epidemic is more generalized, a greater proportion of a microbicide's impact is likely to arise from microbicide use in primary and casual partnerships because this is where most HIV transmission is occurring.
As shown for Hillbrow but not Cotonou, the relative impact of microbicide use in different types of partnership also changes as an epidemic progresses. This suggests that early on in a generalized epidemic such as has occurred in Hillbrow, most impact is attained through microbicide use in commercial sex, whereas later on, most impact comes from casual and primary partnerships. This agrees with a previous modeling analysis that illustrated how the impact of core group interventions will reduce as epidemics progress. 47, 48 This highlights the importance of tailoring microbicide promotion or distribution strategies to specific settings, taking into account the risk behavior of the population and the type or stage of the HIV epidemic.
Importance of Sexually Transmitted Infection Efficacy for Microbicide Impact
Our analysis also shows that the STI efficacy of a microbicide is likely to be important in determining the overall impact of a microbicide on HIV transmission. This is illustrated in our projections by the fact that a 40% HIV efficacious microbicide had less than half the impact of a 40% HIV and STI efficacious microbicide. Indeed, a sole STI efficacious microbicide can result in a substantial decrease in HIV transmission and in certain settings such as Cotonou, the STI efficacy of a microbicide could potentially be more important in determining impact than its HIV efficacy. However, the degree to which STI efficacy contributes to the impact of a microbicide is highly variable, with our results suggesting that it depends on the degree to which the STI efficacy of the product results in a decrease in STI prevalence. In our analysis, the STI efficacy of the microbicide contributed more to impact in Cotonou, the lower STI prevalence setting, because the microbicide resulted in a 6-fold greater relative decrease in STI prevalence than in Hillbrow, where STIs were more prevalent and so harder to affect because individuals are more frequently exposed to infection. 46 The differences in the relative importance of a microbicide's STI efficacy highlight that different candidate microbicide products may have different levels of impact in different settings. Indeed, eventually, it is likely that the greatest efficacy may be achieved using combinations of active ingredients 3 that maximize both a product's HIV and STI efficacy.
Limitations
The analysis has several limitations. We only consider 2 scenarios with contrasting HIV/STI epidemics, and so the generalizability of the findings to other settings needs to be explored. The model projections have been conducted for different time periods and are dependent on the reliability of available epidemiologic data, reported behavioral data, and HIV/STI transmission data. There is also uncertainty in the estimates of the STI cofactors, 6, 52 STI/HIV transmission probabilities, 28 -30 and the protective effect of circumcision. 53 However, despite this uncertainty, the model was fit and validated against available HIV and STI prevalence 403 THE IMPORTANCE OF CONTEXT data from both settings. Lastly, ulcerative STIs were modeled simply as a whole and so the analysis did not fully take into account the possible effect of asymptomatic herpes simplex type 2 viral shedding on HIV transmission. Because of this, the effect of herpes simplex type 2 on HIV transmission may be more important than was assumed in this model, and so the impact of microbicide use may be greater than was projected if the microbicide reduces herpes simplex type 2 transmission.
Conclusions
Although it is difficult to determine how generalizable our results are to other settings, it is likely that they are fairly applicable to other communities with concentrated HIV epidemics, e.g., India and China, or generalized HIV epidemics, e.g., Zimbabwe and Botswana. The results of our analysis show that a partially effective microbicide can have a substantial impact on HIV transmission but that the magnitude will be highly dependent on the STI efficacy and will be highly site-specific, depending not only on the risk behavior of the population, but also on the HIV and STI distribution in the population. As previously discussed for other forms of HIV prevention, 54 the relative impact of microbicide use on a population's HIV incidence is likely to be less in settings with a more generalized HIV epidemic and higher HIV incidence. This suggests that much more needs to be done to control HIV transmission in these settings such as using high-efficacy microbicides, achieving high coverage, and initiating a range of prevention interventions. In addition, the results have repercussions for the planning of microbicide trials. Because a microbicide's overall impact on HIV incidence will depend both on its HIV and STI efficacy, it is important that phase III microbicide trials collect sufficient biologic data to enable estimates of a microbicide's efficacy against STI to be estimated.
Our results also suggest that the impact of microbicide use in different partnership types is highly variable, and primarily dependent on the stage and type of HIV epidemic. This should be considered in devising microbicide promotion interventions to ensure the most efficient use of limited resources.
